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In this paper we present an ab initio study of the absorption spectrum of the FeO4
22 ion. The
wavefunctions and energies of the ground and excited states of the FeO4
22 cluster are calculated by
means of the Restricted Active Space self-consistent-field method ~RASSCF!. The molecular
orbitals of the cluster with main character Fe(3d) define a complete active space; all single, double,
triple, and quadruple excitations from the molecular orbitals of main character O(2p) to those of
main character Fe(3d) are allowed. The multiconfigurational expansions resulting from these
ligands-to-metal excitations include between 50000 to 100000 configuration state functions. The
results of the calculations lead to a new interpretation of the bonding and of the absorption spectra
of FeO4
22 ~which were observed in the solid state and in solution!, both of them stem from the near
degeneracy between Fe(3d) and O(2p) levels, which is ultimately due to the high and unstable
oxidation state of Fe~VI! in the FeO4
22 complex. The analysis of the ground and excited state
wavefunctions reveals that the electronic structure of FeO4
22 does not correspond to the ionic image
of Ligand Field Theory @d2-Fe~VI!1closed-shell O22 ions#, nor does it correspond to simple
extensions of it which take into account ligands-to-metal 2p!3d single excitations, nor to any
other simple image; on the contrary, it corresponds to the superposition of a large number of
configurations with a very large weight of high-order ligands-to-metal excitations, which indicates
a remarkable intra-cluster inwards delocalization of electron density away from the closed-shell
ligands, impelled by the unstable high formal charge of Fe~VI!. The calculated absorption spectrum
allows for a thorough interpretation of the features observed in the experimental spectra measured
in Fe~VI!-doped K2MO4 ~M5S, Cr! and in 9 M KOH solution ~absorption maxima, intensities,
electronic origins, band shapes!, which implies completely new assignments. This is particularly so
for the broad intense bands observed between 10000–25000 cm21, which, according to our
calculations, are found to be associated to electronic transitions from the 3A2 ground state to
increasingly dense sets of excited states that include not only spin singlet and triplet states ~as
expected for a d2 configuration from Ligand Field Theory!, but also spin quintet electronic states,
all of which can be understood as direct effects of the above-mentioned oxygens(2p)-iron(3d) near
degeneracy. © 1998 American Institute of Physics. @S0021-9606~98!30339-6#
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When a transition metal ion is introduced as an impurity
into an oxide or halide crystal, a new material is synthesized
that exhibits new local electronic properties which are usu-
ally very interesting from fundamental and technological
points of view. In particular, as the transition metal ion is
embedded in a host, the set of electronic states observed in
the gas phase is multiplied as a consequence of the crystal
field.1 These states are often involved in the potential ~or
actual! laser activity of the new material and their detailed
understanding is a key factor in the search for new combina-
tions of hosts and impurities with controlled laser properties.
In this framework, the Ligand Field Theory, and, in particu-
lar, the Sugano–Tanabe–Kamimura diagrams,1 have been a
simple and usually successful tool to guide and interpret the
experimental studies. However, as soon as the interactions in
the local defect depart from the simple model of a perturbed
a!Author to whom correspondence should be addressed; electronic mail:
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els become necessary for a correct interpretation of its elec-
tronic structure. This is notably so as strong metal–ligand
interactions, spin–orbit coupling, and/or host effects beyond
first neighbors become important.
The case addressed in this paper, the tetraoxoferrate~VI!
ion FeO4
22 @which is present in the solid state, K2MO4:Fe61
~M5S, Cr!, as well as in alkaline solution#, is a good ex-
ample where Ligand Field Theory and ab initio quantum
chemical calculations give completely different interpreta-
tions of the bonding and spectroscopic properties, due to the
existence of very strong nonionic metal–ligand interactions.
As we show in this work, the d2 Ligand Field Theory model
gives a very incomplete image of an actually very rich elec-
tronic structure. This has resulted in controversy in the as-
signments and in an oversimplified image of the excited state
manifold which is actually available for study and for pos-
sible applications.
Recently, a notable amount of information on the spec-
troscopic and laser properties of the isoelectronic series of
6 © 1998 American Institute of Physics
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3d2 impurities Ti~II!, V~III!, Cr~IV!, Mn~V!, and Fe~VI!, has
been accumulated, very much related to the fact that Cr~IV!
and Mn~V! have been found to lase in the near infrared ~see
Refs. 2–4, and references therein!. According to the Ligand
Field Theory, there is a crossover point in the Sugano–
Tanabe–Kamimura diagrams1 between triplet and singlet ex-
cited states in this series ~for octahedral and tetrahedral co-
ordinations!, which should result in either broad spin-
allowed or sharp spin-forbidden luminescence.1 In particular,
sharp-line luminescence has been detected in TiCl6
42 and
VCl6






in oxide hosts which has been assigned to the intraconfigu-
rational spin–flip electronic transition: 1T2g!3T1g ~in Oh
coordination!, 1E!3A2 ~in Td coordination!.4–6 The d2
spin–flip transition energies are expected to be slightly re-
duced with respect to the corresponding 1D!3F free ion
values due to the so called nephelauxetic effect,1 which has
been interpreted as a consequence of the radial expansion of
the 3d orbitals in the crystal field; however, Brunold et al.4
have observed a very irregular trend of this reduction at the
end of the mentioned Ti~III!–Fe~VI! series, together with a
very unusual, tremendous decrease observed in
K2CrO4:Fe61, where the 1E – 3A2 energy difference is
shown to be less than 40% of the 1D – 3F free Fe~VI! value.4
These experimental results deserve some explanation.
Moreover, Fe~VI!-doped K2CrO4 and Fe~VI!-doped
K2SO4 @where Fe~VI! is in the center of a slightly distorted
tetrahedron# must exhibit, according to the Ligand Field
Theory for d2 ions in high field materials, two narrow spin-
forbidden and two broad spin-allowed bands in the low en-
ergy absorption spectrum, associated to d!d electronic
transitions from the 3A2 ground state to 1E , 1A1 , 3T2 , and
3T1 excited states, respectively, which should be seen in the
polarized absorption spectra, splitted according to the actual
Td!Cs distortion in the crystals. Their relative intensities
should be very different, since only the 3A2!3T1 electronic
transition is electric dipole allowed in Td site symmetry and
the observed Td!Cs splittings are very small. As a matter of
fact, the measured polarized absorption spectra7–9 have been
assigned accordingly, in spite of the fact that the broad ab-
sorption bands actually observed show intensities and com-
plex structures which are hard to understand within the
framework of the Ligand Field Theory without resorting to
very significant mixings enabled by Td!Cs distortion and
spin–orbit coupling.
In this paper we have calculated the vertical absorption
spectrum of the FeO4
22 ion in Td symmetry. The most no-
table result we have obtained in this system is the evidence
of the tremendous impact that high-order 2p!3d ligands-
to-metal excitations have in the wavefunctions and energies
of the FeO4
22 cluster ought to ligands(2p) – Fe(3d) near de-
generacy. This result contrasts with those we have obtained
in many other transition metal impurities in oxide and halide
hosts @d 2: V~III!;10 d 3: V~II!,11–13 Cr~III!;14,15 d 4:
Cr~II!;16,17 d 8: Ni~II!;18 d 9: Cu~II!,19 and Me~II!, Me5Sc–
Zn20#, where the configurational space created by consider-
ing the metal (3d) orbitals as a complete active space was
enough to properly represent nondynamic electron correla-
J. Chem. Phys., Vol. 109, No. 15, 15 October 1998tion associated to near degeneracy. The high formal oxida-
Downloaded 29 May 2006 to 150.244.37.189. Redistribution subject ttion state of Fe~VI! seems to stabilize the Fe(3d) orbitals
and turn the usual energy gap between the metal 3d and
ligands 2p orbitals into near degeneracy. Using a multielec-
tronic language, this means a densely packed zeroth-order
multiconfigurational space. The wavefunctions which are
needed to properly account for this strong nondynamic inter-
actions between iron and the oxygens are of the RASSCF
type21,22 and are expanded in a multiconfigurational space
which includes not only all possible d2 configurations, but
also all single- and high-order ~double, triple, and quadruple!
2p!3d ligands-to-metal excitations, which leads to very
large expansions ranging between 50000 and 100000 con-
figuration state functions. As we show in this paper, the in-
spection of the RASSCF wavefunctions reveals that the elec-
tronic structure of the complex is neither d2, nor can it be
represented by any simple monoconfigurational label without
this choice being an oversimplification. The description of
the bonding which is obtained with this type of wavefunction
can be simplified as follows: The high formal charge of
Fe~VI! originates a strong reorganization of the electron den-
sities which flow inwards, away from the ligands becoming
very delocalized inside the FeO4
22 volume. This pronounced
charge shift is clearly illustrated by the Mulliken population
analysis of the RASSCF wavefunctions, which assigns
atomic charges 10.87 and 20.72 to Fe and O, respectively,
and total electronic population 6.21 to the Fe 3d basis func-
tions in the ground state.
The calculation of the absorption spectrum leads to a
very good agreement with the features of the available ex-
perimental spectra both in the solid state and in solution,7–9
but the assignments are very different from those accepted so
far. This is naturally due to the different configurational
bases which the Ligand Field Theory and ab initio quantum
mechanical methods propose for modeling the bond and
spectroscopy of these materials. In particular, as we show in
this paper, we find that only the first two low intensity spin-
forbidden bands can be described by the electronic transition
to one single excited state: 1E and 1A1 ~using Td notation!,
respectively; they cannot, however, be described as intracon-
figurational d – d electronic transitions and this explains their
unexpected low values relative to those in the free ion. The
rest of the broad, structured, and increasingly intense absorp-
tion band systems are shown to be due to electronic transi-
tions to separate sets of excited states, rather than to the
Ligand Field Theory 3A2!3T2 , a3T1 , b3T1 excitations.
These sets of excited states become increasingly dense as
one gets to higher energy values. Furthermore, the d2
scheme leading to singlet and triplet spin couplings com-
pletely breaks down in this material, since spin quintet ex-
cited states are found to be part of the absorption bands as
low as 15000 cm21 and beyond.
In Secs. II and III we describe the details of the calcula-
tions and the wavefunctions. In Sec. IV the computed ab-
sorption spectrum is presented and compared with the ex-
perimental spectra of FeO4
22 in K2CrO4 and K2SO4 crystals
and in a 9 M KOH solution, the new assignments are justi-
fied, and the limitations of the present calculations are dis-
6397Al-Abdalla, Seijo, and Barandiara´ncussed. The conclusions of this work are presented in Sec. V.
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II. THE FeO422 MODEL SYSTEM
The experience gathered in the ab initio model potential
embedded cluster calculations in transition metal impurities
in oxide and halide crystals has shown that the host effects
on the electronic spectra are significant and mostly indirect,
that is, through the host-dependent local geometry
distortions.20 Consequently, the geometry optimization of the
defect cluster, embedded in ab initio model potentials which
represent the surrounding crystal,23,24 becomes, customarily,
the first step of a theoretical study of the absorption spectra.
The tetraoxoferrate~VI! FeO4
22 cluster appears to be a
very different case. In fact, even though the environment of
the FeO4
22 ion is clearly different in the K2CrO4 and K2SO4
hosts ~relevant parameters of their crystal structures are
given in Table I!, and in an alkaline solution, the absorption
spectra of the FeO4
22 ion in these materials are observed to
be very similar, as we discuss in more detail in Sec. IV. This
can only be an indication of very small environmental effects
on the electronic structure of an essentially identical FeO4
22
ion, which suggests that the intracluster interactions are very
dominant. Consequently, the bared FeO4
22 cluster should be
a meaningful model for study and the FeO4
22 geometry cor-
responding to the experimental perfect K2FeO4 crystal struc-
ture data27 ~cf. Table I: average Fe–O distance is 1.66 Å!
should be a sound alternative to the theoretical geometry
optimizations. This bared tetrahedral cluster model is very
convenient from the computational point of view. In fact,
since the Fe~VI! site symmetry in the K2CrO4 and K2SO4
hosts is very low ~Cs!, the inclusion of the embedding po-
tentials in the calculations would reduce the molecular point
group available for the calculations from tetrahedral to Cs,
which results in a significant increase in computational ef-
fort; this is more so, as it is found that the theoretical study
of the FeO4
22 ion demands exceptionally large multiconfigu-
rational expansions in order to describe nondynamic correla-
tion, as we show in the next section. In consequence with the
last comments, all the calculations presented in this work
have been done for the bared FeO4
22 cluster at the fixed
R~Fe–O!51.66 Å distance in Td symmetry. The FeO422
wavefunctions and energies were calculated using MOLCAS, a
standard quantum mechanical molecular suite of programs
which allows for the use of flexible monoelectronic basis sets
and multiconfigurational expansions as well as the inclusion
of ab initio model potentials.28 The following 100 contracted
Gaussian basis set was used. For the all-electron iron atom
TABLE I. Bond lengths of the MO4 tetrahedra from single crystal studies in
K2MO4 ~M5S,Cr,Fe!. All numbers are in Å.
K2SO4 a K2CrO4 b K2FeO4 c
M2O~1! 1.459~4! 1.637~1! 1.646
M2O~2! 1.473~4! 1.654~2! 1.655
M2O~3! 1.472~5! 1.648~1! 1.662
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was used contracted as ~62111111/4211111/3111/3!. The
oxygens were described using the 1s ab initio core model
potential of Ref. 32. The corresponding (5s5p) valence ba-
sis set, augmented by one diffuse p function for the anion33
was contracted as ~41/411!. The full basis set of FeO4
22 was
used to calculate the ground state of the 26 electron O4
22
cage at the tetrahedral R~Fe–O!51.66 Å structure in order to
ascertain possible contributions of basis set superposition er-
rors ~BSSE! to the charge distribution in the FeO4
22 complex.
When the ground state of O4
22 was calculated at the
2p a2t2
6e4t1
6 closed-shell SCF level, the Mulliken total
atomic electronic populations were found to be Fe~20.20!
and O~6.55!. When a RASSCF wavefunction was calculated
including all single and double excitations from the 2p
closed-shell a2t2
6e4t1
6 orbitals to the remaining 2p t2 set,
their values changed insignificantly to Fe~20.17! and
O~6.54!. These results, together with the very small contri-
butions of the Fe basis functions observed in the final mo-
lecular orbitals of the O4
22 cage, indicate acceptable low lev-
els of BSSE, which, in particular, can be ruled out as the
origin for the observed charge shifts in the FeO4
22 calcula-
tions presented in this work.
The actual multiconfigurational expansions used for the
ground and excited state cluster wavefunctions are described
next.
III. THE FeO422 WAVEFUNCTIONS
In 3d transition metal impurities, it is quite common that
the nondynamic correlation associated to the dn manifold can
be described by Complete Active Space SCF ~CASSCF!34
wavefunctions with an active space defined by the molecular
orbitals of main character metal-3d , CASSCF(3d). These
CASSCF(3d) wavefunctions become suitable multirefer-
ences of subsequent post-CASSCF treatments which try to
include as much dynamic correlation as possible in the cal-
culation of the electronic spectrum. In the present case, how-
ever, the demands of the FeO4
22 cluster turned out to be very
different. In effect, when the CASSCF(3d) wavefunction for
FeO4
22 is being calculated, the multiconfigurational space ap-
pears to be insufficient: The MCSCF procedure, if conver-
gent at all, clearly shows that some molecular orbitals of
main character ligands-2p appear in the final natural orbital
active space. The need to enlarge the CAS to include ligand
orbitals is evident and it is associated to the fact that all the
Fe(3d) and O4(2p) orbitals are close in energy.35 This fact
naturally invites us to use a CASSCF(2p ,3d) wavefunction,
where the whole set of five Fe(3d) and twelve O4(2p) or-
bitals constitute the new active space; but this
CASSCF(2p ,3d) wavefunction increases too much the com-
putational costs, even within the Td symmetry. An alterna-
tive to this CASSCF(2p ,3d) is the Restricted Active Space
SCF ~RASSCF!21 wavefunction described next. The
RASSCF method allows us to extend the Fe(3d) active
space of the MCSCF procedure with all the O4(2p) orbitals
at once, ruling out in this way any possible biased choice of
orbitals, at a time that it allows to keep the size of the prob-
Al-Abdalla, Seijo, and Barandiara´nlem manageable, through the restriction of the maximum
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Downloaded 29 MaTABLE II. Results of RASSCF calculations of the 3A2 ground and 1E , 1A1 excited states in a tetrahedral
FeO422 cluster at the Fe–O distance 1.66 Å. A maximum of four holes is allowed in the subspace of the twelve
O4(2p) orbitals and a maximum of six electrons are distributed in the five Fe(3d) orbitals.
Total No. of configuration state functions: a 3A2 1E 1A1
Number of configurations with Ci>0.05: b 101543 59987 60352
d2: 1~0.005! 1~0.005! 1~0.003!
LTM-single excitations: 7~0.075! 7~0.072! 8~0.066!
LTM-double excitations: 27~0.274! 25~0.270! 25~0.255!
LTM-triple excitations: 36~0.231! 38~0.257! 39~0.233!
LTM-quadruple excitations: 1~0.003! 2~0.013! 2~0.013!
Total: 72 73 65
Total weight: 0.588 0.617 0.570
Results of Mulliken population analysis:
Gross atomic population of the 3d basis functions 6.21 6.25 6.26
Total charge on Fe 10.87 10.83 10.81
Total charge on O 20.72 20.71 20.70
a
l. 109, No. 15, 15 October 1998 Al-Abdalla, Seijo, and BarThe calculations are done using C2v symmetry.
b ganumber of holes that are allowed in the O4(2p) orbital
space; if it is high enough, the RASSCF and
CASSCF(2p ,3d) results can be expected to be sufficiently
close. In this work we have allowed a maximum of four
holes in the space of the twelve O4(2p) orbitals.
In Table II we present some information extracted from
the RASSCF wavefunctions of the ground state 3A2 and the
first two excited state 1E and 1A1 . All these three electronic
states belong to the e2 electron configuration, according to
Ligand Field Theory.1 Our calculations describe them, how-
ever, in a very different way. In Table II we analyze the most
important configurations, in this case those whose CI coeffi-
cient (Ci) is greater or equal to 0.05 in the final RASSCF
wavefunction. For the three states it can be observed that ~i!
the weight of the d2 (e2) Ligand Field configuration in the
RASSCF wavefunction is very small (<0.5%); ~ii! the
ligands-to-metal 2p!3d single excitations, usually called
ligand-to-metal charge transfer configurations, amount to
some 7%; ~iii! ligands-to-metal double and triple excitations
are very important, their accumulated weight being about
50%; ~iv! a large number of configurations ~some 70!, con-
tribute to the wavefunction with Ci>0.05, however, their
total weight is only about 60%. All these observations lead to
the following conclusions: The electronic structure of FeO4
22
does not correspond to the d2 ionic image of Ligand Field
Theory,1 nor it does correspond to simple extensions of it
which only take into account ligands-to-metal 2p!3d
single excitations,36,37 nor to any other simple image. On the
contrary, it corresponds to the superposition of a large num-
ber of configurations, which represents a remarkable intra-
cluster delocalization of electron density inwards, away from
the closed shell ligands, impelled by the unstable high oxi-
dation state of Fe~VI!. This charge shift can be observed on
the results of the Mulliken population analysis of the
RASSCF 3A2 ground and 1E and 1A1 excited state wave-
functions in Table II. The charge on the oxygens in the
ground state, 20.72, appears to be notably reduced com-
pared to the formal closed-shell O22, which clearly reveals a
notable charge flow towards the metal ion whose charge ap-
Weights are given in parentheses. LTM stands for Li10.87. A further, probably not very sig-
y 2006 to 150.244.37.189. Redistribution subject tnificant, increase of this charge shift is observed in the ex-
cited states, where the charges on the oxygens become
20.71 and 20.70.
Results of electronic structure calculations of the first







, in progress in our laboratory, indicate the domi-
nant role of the formal oxidation state in the bonding of these
complexes.38 In fact, as the oxidation state grows from IV to
VI in the series, the ground state wavefunctions reveal a
sharply decreasing dominance of the d2 configuration and an
increasing importance of high-order ligands-to-metal
excitations.38 This trend corresponds to a notable change in
nondynamic electron correlation, which makes it necessary
to adapt the level of methodology used from the
CASSCF~3d! level to the RASSCF level described in this
Section. In order to illustrate this trend in this work, we
conducted the following numerical experiment. We calcu-
lated the 3A2 ground state of an isoelectronic cluster using
the same basis set, tetrahedral geometry, and RASSCF space
definition as in the FeO4
22 complex, but different nuclear
attraction on the metal: Z524. In this way the formal oxida-
tion state of the metal is effectively lowered to IV. The re-
sults of this computational experiment can be compared to
those of the Fe~VI! complex presented in Table II: In effect,
the weight of the d2 configuration in the RASSCF wavefunc-
tion of the Z524 cluster appears to be about 85% ~compared
to 0.5% for FeO422), the ligands-to-metal single excitations
with Ci>0.05 contribute some 10%, the doubles, 1%, and no
higher-order excitations appear to have a CI coefficient
>0.05. The Mulliken population analysis shows a total
charge on the oxygens of 21.38, much closer to the formal
O22 and the total occupation of the 3d basis functions of the
metal comes down to 3.98 ~compared to 6.21 for FeO4
22).
This numerical experiment clearly shows that as the formal
oxidation state of the metal is lowered from VI to IV, non-
dynamic electron correlation effects are much smaller and
the charge shift from the oxygens to the metal is notably
reduced.
The need for large multiconfigurational expansions,
nds-to-Metal.similar to the ones used in this work, in order to account for
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22 Our results confirm this conclusion for
transition metal complexes where the formal oxidation state




However, extensive work in transition metal ions in the solid
state ~halide and oxide crystals!10–20 indicates that much
shorter multiconfigurational spaces are flexible enough to ac-
count for nondynamical correlation in low oxidation state
transition metal clusters. Altogether, we point out in this
work a correspondence between an increasing formal oxida-
tion state and nondynamic correlation demands, which
should be studied in more detail and is the subject of a forth-
coming paper.38
IV. RESULTS AND DISCUSSION
A. Vertical absorption spectra
The results of the analysis of the 3A2 , 1E , and 1A1
wavefunctions of the previous section question the interpre-
tation of the ground state absorptions 3A2!1E , 1A1 as due
to the spin–flip e2 intraconfigurational electronic transitions
resulting from the crystal field reduction of their parent 3F
!1D and 3F!1G Fe~VI! atomic excitations. Moreover,
these wavefunctions strongly suggest that the d2 model must
be completely abandoned if the electronic structure of even
higher excited states has to be calculated in detail. In particu-
lar, spin couplings corresponding to more than two open-
shell electrons and leading not only to triplets and singlets,
but also to quintets and septets, should be considered, since
the relevance of the ligands-to-metal high-order excitations
in the electronic structure of the FeO4
22 manifold is manifest.
Consequently, we have conducted our study of the ab-
sorption spectrum as a search for all the electronic states of
the FeO4
22 cluster with spin multiplicities 2S1151,3,5, and
7, and with energies between 0 and 26000 cm21 above the
3A2 ground state approximately. The methodological level
described in the previous sections has been used in all these
calculations. Although we have applied only the symmetry
restrictions of the C2v point group, the results showed degen-
eracies better than 200 cm21 and they are good representa-
tions of the Td point-group wavefunctions for the purpose of
interpretation of the nature of the excited states of FeO4
22
.
The results are presented in Table III; its detailed description
and the discussion follow here.
It is possible to classify the calculated vertical electronic
transitions into five separate sets of electronic states, which
become increasingly dense and intense for higher energies;
their energies are conveniently shown together in Table III,
the calculated oscillator strengths of the spin- and dipole-
allowed transitions are collected in Table IV. The first two
sets are formed by only one excited state: 1E and 1A1 , re-
spectively. The third set is a superposition of two spin trip-
lets: 3T2 and 3T1 , the latter leading to spin- and dipole-
allowed transition in Td symmetry. The fourth set is formed
by the superposition of three subsets of states: singlets, trip-
lets, and quintets. The singlets and triplets span essentially
the same energy interval ~16700–22400 cm21) and the sub-
6400 J. Chem. Phys., Vol. 109, No. 15, 15 October 1998set of spin quintets spans a smaller energy interval and is
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Here, three spin- and dipole-allowed excitations to 3T1 states
are found. We have only reached the beginning of a fifth set
which, similarly to the previous one, appears to be formed by
spin singlet, triplet, and quintet excited states. The wavefunc-
tions found for all these excited states are essentially analo-
gous the ones discussed above, in the sense that they are
large superpositions of configuration state functions, many of
which are ligands-to-metal high-order excitations.
In order to compare our results with measured absorp-
tion spectra, we have also included in Table III experimental
data corresponding to the polarized absorption spectra of
Fe~VI! doped in K2CrO47,9 and in isomorphous K2SO48 ~see
also Table IV! and to unpolarized absorption spectra of
FeO4
22 in 9 M KOH solution.9,39 We have summarized the
complex experimental data in the following way: In Table III
the band maxima are tabulated and the maximum absorbance
is indicated in squared parentheses, when available. Elec-
tronic origins are explicitly marked and the spacing of the
progression that they initiate is given in parentheses, unless
they are origins to several vibrational progressions; these
data are not directly comparable with our vertical calcula-
tions, but contribute to give an idea of the whole band struc-
ture. The symbols i and ' are used to group the data ob-
tained in EW ib and EW'b polarizations, respectively; the only
exception being the data of the solution which are arbitrarily
placed in the table together with the lowest energy band
maxima. The same symbols have been used in Table IV,
where we present the calculated and available experimental
oscillator strengths.
First of all, we would like to compare the overall struc-
ture of the measured and calculated spectra ~Tables III and
IV!. The experimental data show the existence of four bands
below 26000 cm21, plus an adjacent band or shoulder in the
low energy side of a fifth rising very intense band observed
only in K2SO4:Fe61 and in solution. The first two bands at
about 6200 and 9100 cm21 are narrow and of very low in-
tensity; the three other bands, are increasingly intense, broad,
and complex, and cover the following energy intervals ~in
cm21): in K2CrO4,7,9 ~III!: 9500–15400, ~IV!: 15400–
22160, in K2SO4 :8 ~III!: 10000–16000, oscillator strength
f 5831023, ~IV!: 16000–26000, f 53.631022 ~4.5 times
larger than that of band III! ~V!: .26000. The structure of
the spectrum in solution is completely analogous, except for
the first band, which is not detected. If these intervals and
intensity patterns are compared with those corresponding to
the sets of electronic states found in the calculations, namely,
~I! 6300, spin- and dipole-forbidden, ~II! 9200, spin- and
dipole-forbidden, ~III! 11200–12100, ~IV! 15200–22400,
and ~V! .24000 cm21, it is clearly seen that their structures
match. This is even more evident, if the energy intervals and
oscillator strengths of the intense bands are compared with
our spin-allowed, dipole-allowed 3T1 sets ~III!: 12100, f
50.4631023, ~IV!: 16900–22400, total oscillator strength:
2.9831023 ~6.5 times larger than that of band III!, ~V!:
>25500 cm21.
Let us now analyze in more detail the experimental and
theoretical results. We will compare our results directly with
Al-Abdalla, Seijo, and Barandiara´nthe observed spectral features, without referring to the pres-
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Downloaded 29TABLE III. Calculated and measured absorption spectra of FeO422 from the 3A2 ground state. All energies in
cm21. BM stands for band maxima; numbers in squared brackets are maximum absorbance e in M21 cm21
units. EO stands for electronic origins leading to a progression whose interval is given in parentheses. Parallel
and perpendicular polarizations are indicated. See the text for a detailed description and for discussion.
Calculated Experimental
K2CrO4:Fe61 K2SO4:Fe61 Solution a
Ref. 9 Ref. 7 Ref. 8 Refs. 9,39
1E 6300 1E – 6209, 6219 6219, 6230 –
1A1 9200 1A1 9112 9119 9176 9060
3T2 11200 3T2 BM i 12540@510# 12315@570#
3T1 12100 BM ' 13365 13280@530# 13330@580# 12670





1T1 3T1 16900 a 3T1 BM ' 17930@960# 18200@1000# 17800 b




1T1 3T1 19300 b 3T1 c BM i 20430@1000# 19600










3T1 5A2 25500 LMCT2 d EO ' 26370~780!
1E 26000 30000 b 30000 e
5T2 26300
aUnpolarized absorption spectrum of FeO422 in a 9 M KOH solution.
bShoulder.
cAssignment from Ref. 9. In Refs. 7 and 8 it is assigned to a ligand-to-metal charge transfer band, LMCT1.
dLigand-to-metal charge transfer band.
eFrom Fig. 1 of Ref. 9: shoulder of a very intense band peaking beyond 35000 cm21.
TABLE IV. Calculated and measured oscillator strengths, f, for FeO422 . Transition energies in cm21. BM
stands for band maxima. EO stands for electronic origin. Perpendicular polarization is indicated. See the text for
a detailed description and for a discussion.
Calculated Experimental
K2SO4:Fe61, Ref. 8
Band f f IV / f III f f IV / f III
I 1E 6300 forbidden a 1E 6219, 6230 1.531026
II 1A1 9200 forbidden a 1A1 9176 631026
III 3T1 12100 0.4631023 3T2 BM ' 13330 831023
IV 3T1 16900 0.5831023 ~1.3! 3T1 BM ' 18200 2.031022 b ~2.5!
3T1 19300 2.0231023 ~4.4! LMCT1 c EO ' 20040
3T1 22400 0.3831023 ~0.83!
total 2.9831023 ~6.5! 3.631022 ~4.5!
aSpin- and dipole-forbidden electronic transition in Td symmetry.
bEstimated by assuming that the ligand field transition to 3T1 contributes substantially to the total oscillator
22
Vol. 109, No. 15, 15 October 1998 Al-Abdalla, Seijo, and Barstrength f 53.6310 of the complex band IV ~Refs. 8,40!.
cLigand-to-metal charge transfer band.
 May 2006 to 150.244.37.189. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
ently accepted assignments, and we will discuss the latter in
Sec. IV B.
The agreement in the first two narrow, low intensity
bands with the spin- and dipole-forbidden 3A2!1E , 1A1 cal-
culated electronic transition energies is remarkable.
The spectral features of the third measured absorption
band can be understood if it is interpreted as the superposi-
tion of the 3T2 and 3T1 excited states ~the third set of states!,
as we discuss next. Since the ground state of FeO4
22 is 3A2 ,
the only electric dipole-allowed electronic absorption transi-
tions in Td symmetry are those to 3T1 excited states. Accord-
ingly, our 3T1 at 12100 cm21 ( f 50.4631023) should give
most of the intensity to the band peaking at 12670 cm21 in
solution,9,39 where the Td symmetry is preserved. In the solid
hosts K2CrO4 and K2SO4 the situation is more complex and
rich. First of all, the site symmetry of the FeO4
22 in these
crystals is essentially Td with a small Cs distortion;9 this
distortion produces one 3A9 from the 3A2 ground state, two
3A8 plus one 3A9 states from the 3T2 , and one 3A8 plus two
3A9 states from the 3T1 . The electric dipole-allowed transi-
tions are 3A9!3A8 in EW ib polarization and 3A9!3A9 in
EW'b polarization.9 With all this in mind, we can analyze the
electronic origins observed in the two crystals in EW ib polar-
ization. Two electronic origins in K2CrO4 are reported at
10669 and 10811 cm21 by Di Sipio et al.,9 of which only
one is observed by Brunold et al.7,8 at 10650 cm21; these
authors observe this origin as well in K2SO4 at 11000 cm21,
together with a third electronic origin which is 1350 cm21
above.7,8 According to our calculations, the three observed
electronic origins should be interpreted as due to the two
3A8(3T2) and one 3A8(3T1) components. The small energy
separation between the first two 3A8(3T2) origins, ;150
cm21,9 is due to the Cs distortion. @This fact is consistent
with the very small splitting observed in the 1E in both crys-
tals ~Table III! and it indicates that the FeO4
22 cluster sym-
metry is close to Td .] The energy difference between the
first two origins and the third one, which is approximately
1350 cm21 in K2SO4 , is due to the separation between the
3T2 and 3T1 states in Td symmetry. Our result, 900 cm21,
which corresponds to a Frank–Condon energy difference, is
of the correct order of magnitude and seems to be a little
underestimated. Regarding the observed band maxima, a
consistent interpretation emerges as well. In EW ib polariza-
tion, we should find an overall band which is the superposi-
tion of two almost degenerate 3A8(3T2) bands and one
3A8(3T1) band, the latter being more intense than each one
of the two 3A8(3T2) bands and centered at higher energy ~of
the order of 1000 cm21) due to its Td parentage: 3T1 . In
EW'b polarization, we should find instead the superposition
of one 3A8(3T2) and two 3A8(3T1) bands, which should re-
sult in an overall band peaking at higher energy than in EW ib
polarization. According to this interpretation, the difference
between the composed, observed band maxima in EW ib and
EW'b polarizations should be smaller than the energy differ-
ence between the pure 3T1 and 3T2 origins, and this is cer-
tainly so in K2SO4 , where the band maxima in both polar-
izations differ by 1015 cm21, whereas the 3T and 3T
6402 J. Chem. Phys., Vol. 109, No. 15, 15 October 19981 2
origins differ in 1350 cm21.
Downloaded 29 May 2006 to 150.244.37.189. Redistribution subject tThe fourth observed absorption band is more intense and
much more complex than the previous one ~see Fig. 1 of Ref.
8, for instance!: It is actually formed by the superposition of
two intense bands which we describe and analyze next. In
solution it is seen as a large asymmetric peak with a shoulder
at about 17800 cm21, before it reaches its maximum at
19600 cm21.9,39 In K2CrO4 Di Sipio et al.9 have detected
two almost equally intense bands with electronic origins at
about 16400 and 19700 cm21 in parallel and perpendicular
polarizations which exhibit the vibrational structure; the au-
thors comment that the structure is not sufficiently sharp to
reveal the crystal-site splitting due to the Td!Cs distortion.
In the same crystal with EW'b polarization, Brunold et al.7
observed a weakly structured band peaking at 17930 cm21,
followed by a structured band showing a progression of 750
cm21. With EW ib polarization the structure of the latter band
is more pronounced and its maximum absorbance is ob-
served at 20430 cm21. These authors observe similar fea-
tures in K2SO4 : A broad band with little structure peaks at
18200 cm21. The adjacent band shows nine members of a
progression of 750 cm21 built on the electronic origin at
20040 cm21. The results that we obtained in the fourth set of
states are consistent with all these spectral features. We will
focus in the spin triplet states, since the intensity of the band
should be essentially driven from them. It is observed that
they describe two separate subsets, following closely the two
experimental bands. The first subset is formed by three very
close triplets ~surrounded by two singlets and one quintet!:
3T2~16700!, 3T1~16900!, and 3E~17400! and correspond to
the first experimental band whose maximum intensity should
be mainly due to the 3T1 state ( f 50.5831023). Our calcu-
lated 3T1~16900! compares very well with the first maximum
observed in solution at 17800 cm21, and the band maxima
observed with EW'b polarization in the crystals at 17930
cm21 and 18200 cm21 can be interpreted as the superposi-
tion of all the A9 components of the three triplets: one
A9(3T2), two A9(3T1), and one A9(3E), of which 3T1
should give most of the intensity of the weakly structured
band observed. In addition, these triplets should lead to four
electronic origins in each polarization, associated to the 2, 1,
1 A8 components of 3T2 , 3T1 , and 3E , respectively, with
EW ib polarization and 1, 2, 1 A9 with EW'b polarization,
which in the experiment are not discerned, due to the lack of
a sharp structure.9 Instead, only one origin is detected in each
polarization, which we interpret as the superposition of the
components of the essentially degenerate 3T2 and 3T1 . In
effect, the origin observed with EW ib polarization can be in-
terpreted as resulting from the 2, 1 A8 components of 3T2
and 3T1 , respectively, and that observed with EW'b polariza-
tion, from their 1, 2 A9 components; their observed shift by
182 cm21, correlates very well with the energy difference
which we find between 3T2 and 3T1 : some 200 cm21. The
second subset of spin triplets is formed by four electronic
states separated by intervals of some 1000 cm21 ~surrounded
by two singlets and preceded by one quintet!: 3T1~19300!,
3T2~20400!, 3A1~21300!, 3T1~22400!. Two of them are 3T1 .
The calculated energy transition to 3T ~19300! ( f 52.02
Al-Abdalla, Seijo, and Barandiara´n1
31023) appears to be very close to the maximum observed
o AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
in solution and in the K2CrO4 crystal with EW ib polarization.
Also, the only electronic origins actually observed in the
crystals, in both polarizations, can be associated to the first
possible components of the calculated triplets, namely, those
of the 3T1~19300!: the EW ib origin at 19666 cm21 to the A9
component and the more intense EW'b at 19802 cm21 origin
to the superposition of the remaining two A8 components;
their difference giving an idea, again, of the small Td!Cs
splitting of 3T1 . However, the most striking feature of this
high energy side of the fourth band is the contour of the
progression starting at 20040 cm21 in K2SO4 which cannot
be completely observed in K2CrO4 due to the intense absorp-
tion of the K2CrO4 host. In effect, the nine peaks which form
the 750 cm21 progression built on the 20040 cm21 origin,
are very broad to be associated simply to the vibrational
structure of 3T1 alone. If we take into account the electronic
states which we find from 5A1~18500! to the higher
3T1~22400! ( f 50.3831023), the complex structure of the
band could be interpreted as the superposition of a complex
manifold of electronic states which can mix due to the small
Cs distortion and by spin orbit coupling, driving intensity
mainly from the two 3T1 states located at 19300 ( f 52.02
31023) and 22400 cm21 ( f 50.3831023).
Finally, of the fifth set of states, we have only calculated
the first singlet and triplet roots and all quintets which appear
up to the same energy limit. The only purpose of these cal-
culations is to show the beginning of a new presumably more
dense set of electronic states.
B. Comparison with previous assignments
We discuss now the assignments given so far to all spec-
tral features observed experimentally and their comparison
with the assignments suggested by our calculations, which
we have just discussed above.
The first discrepancy between our interpretation of the
spectral features and the one accepted so far corresponds to
the first low intensity sharp bands assigned as the intracon-
figurational e2 spin flip transitions 3A2!1E , 1A1 . As we
have discussed above, neither the ground state 3A2 nor the
1E , 1A1 excited states can be described as e2, on the con-
trary, these excitations and their unexpected low energy val-
ues, should be understood as excitations to the first two sin-
glet excited states of a very rich and dense manifold. Their
unexpected low energy transitions are a consequence of the
above mentioned near degeneracy which results in very close
lying excited states. The fact that the electronic structure of
3A2 and 1E , as indicated by their wavefunctions, is very
different from the one corresponding to the e2 Ligand Field
Theory description, rules out the parentage of this 3A2!1E
electronic transition to the Fe~VI! d2 intraconfigurational
3F!1D; in consequence, its relative very low value cannot
be ascribed to the nephelauxetic effect.1
Our assignment is even more divergent in the third band,
since, as we have shown, all spectral features are interpreted
as due to the superposition of 3T213T1 in set III, instead of
being assigned as the transition to the e1t123T2 Ligand
Field term. The assignment of this band as the electric dipole
J. Chem. Phys., Vol. 109, No. 15, 15 October 1998forbidden 3A2!3T2 in Td faced the problem of explaining
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cated in square parentheses accompanying the band maxima
in Table III; oscillator strengths are presented in Table IV,
when available, but they are also apparent in the absorption
spectra referred to in the tables!. Di Sipio et al.9 suggested
that the intensity should be driven from the mixing of e1t1
23T2 with the higher e1t123T1 through spin–orbit coupling
and Td!Cs distortion, in spite of the fact that the Ligand
Field Theory1 places this e1t123T1 state at energies signifi-
cantly higher than e1t123T2 , since 3T2 is related to Fe~VI!
(3F) and 3T1 is related to Fe~VI!(3P), and that the authors
indicated that the Cs splitting is ‘‘relatively small, ;150
cm21,’’ so that the defect has almost Td symmetry. As a
matter of fact, they interpreted the two electronic origins
they observed in K2CrO4 ~at 10669 and 10811 cm21 with
EW ib polarization!, as the two A8 components of 3T2 , which
shows the small Td!Cs splitting of these two components:
some 142 cm21. Brunold et al.8 justified the high intensity
of the band differently: as due to mixing of 3T2 with ligands-
to-metal charge transfer states. They observed only one elec-
tronic origin in K2CrO4 and two in K2SO4 with EW ib polar-
ization ~Table III! and they assigned the latter two to the two
A8 components of 3T2 which, therefore, would indicate a
Td!Cs splitting of some 1350 cm21, very much in contrast
with the small splitting observed by Di Sipio in K2CrO4 and
by all of them in 1E . As it can be seen in Table III, the
electronic origins observed with EW ib polarization in the three
spectra indicate the existence of three, instead of two, ori-
gins. Whereas these three electronic origins cannot be ex-
plained if the band is only formed by 3T2 , they are naturally
interpreted as corresponding to the two A8 components of
3T2 ~thus, showing its Td!Cs splitting!, plus the A8 com-
ponent of 3T1 , which lies some 1300 cm21 higher in energy,
as discussed above. Finally, it should be noticed that the
intensity of this band is even more difficult to explain in
solution, where Td symmetry is preserved, if it were due to
the 3T2 . As a matter of fact there has been some controversy
about its assignment as the symmetry allowed 3T1 or as the
symmetry forbidden 3T2 , a problem which Di Sipio et al.
were trying to settle in their work of Ref. 9.
Finally, in the fourth band, the assignments of Di Sipio
et al.9 and of Brunold et al.7,8 are not coincident; further-
more, none of them agrees with our interpretation of this
band, which has been detailed above. In fact, the two sub-
bands were described by Di Sipio et al.9 as due to a strong
mixture of e1t123T11e0t223T1 ; in this way their compa-
rable high intensity could be better explained than with a
sequential assignment to e1t123T1 for the first subband and
e0t223T1 for the second which should lead to a very low
intensity ought to the double e2!t2 excitation. On the other
hand, Brunold et al.7,8 interpreted the first subband as the
excitation to e1t123T1 and the second as the first ligands-
to-metal charge transfer band, in order to explain its very
complex contour and structure. This latter assignment faced
the difficulty that its intensity, being high, is not as high as
6403Al-Abdalla, Seijo, and Barandiara´nexpected from a charge transfer transition.
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C. Limitations of the calculations
Before we go onto the conclusions of this paper, we
would like to comment on the main limitations of the calcu-
lations, which are associated to the fact that we have not
included embedding effects, nor dynamic correlation.
As we explained in Sec. II, we have calculated the ab-
sorption spectrum of FeO4
22 without including embedding
potentials to represent the K2CrO4 and K2SO4 host crystals.
We have used, instead, the average of the experimental
Fe–O distances in perfect K2FeO4 to define the FeO4
22 struc-
ture. Consequently, embedding effects on the electronic tran-
sitions have not been considered in this work. However, we
have just seen ~Table III! that the absorption spectra of
Fe~VI! in the two isomorphous but considerably different
K2CrO4 and K2SO4 hosts are extremely similar; they are
also very similar to the spectrum observed in 9 M KOH
solution, all of which indicates an unusual insensitivity to
interactions beyond first neighbors which makes it possible
that the results of the isolated FeO4
22 cluster model used here
compare equally well with the experimental features ob-
served in the solids and those observed in solution.
An adequate method to include dynamic correlation in
transition metal doped materials is the multireference con-
figuration interaction method. However, in this work we
have faced an unusual situation in which the references that
are necessary to represent near degeneracy and which should
be the bases for the multireference CI treatment, are very
large expansions ranging between some 50000 to 100000
configuration state functions, which precludes the possibility
of going beyond, into a multireference CI calculation. It is
our opinion that there is no other justification for this ap-
proximation than the a posteriori observation of the system-
atic and overall agreement of the calculated and experimen-
tally observed absorption spectra; this cannot be expected to
be fortuitous and it can rather be understood as a cancellation
of dynamic correlation effects in the energy differences. The
results indicate that the dynamic correlation effects could
essentially shift the whole manifold of states studied here
down in the energy scale, while leaving essentially unaf-
fected their energy differences. But, more important, it
should not be expected that the inclusion of dynamic corre-
lation would destroy the observed structure of excited states
in increasingly dense sets, nor it could be expected that it
would restore the simple d2 Ligand Field Theory description




The bonding and spectroscopic properties of the tet-
raoxoferrate~VI! ion, FeO4
22
, have been studied in this work
by means of Restricted Active Space Self-Consistent-Field
~RASSCF! calculations. The five molecular orbitals of main
character Fe(3d) constitute a complete active space and the
twelve orbitals of main character O4(2p) constitute a re-
stricted active space from which all single, double, triple,
and quadruple O4(2p)!Fe(3d) excitations are allowed.
The analysis of the RASSCF wavefunctions of the lowest
lying excited states has shown that the electronic structure of
6404 J. Chem. Phys., Vol. 109, No. 15, 15 October 1998FeO4
22 does not correspond to the d2 ionic image of Ligand
Downloaded 29 May 2006 to 150.244.37.189. Redistribution subject tField Theory. The breakdown of the Ligand Field Theory
model has been interpreted as due to the near degeneracy of
the Fe(3d) and O4(2p) orbitals which is found to originate a
very rich excited state manifold. The calculations show that
the electronic excited states lying below 24000 cm21 from
the ground state, are grouped in four separate sets of states
which are increasingly dense at higher energies and which
include not only a spin singlet and triplet, but also spin quin-
tet excited states, which are absolutely incompatible with the
d2 Ligand Field Theory image. The calculated vertical ab-
sorption spectrum has been shown to reproduce the observed
features of the experimental absorption spectra of FeO4
22 in
the solid state (K2CrO4 and K2SO4 hosts! and in solution. Its
interpretation and the corresponding assignments have been
found to be very different from those accepted so far, which
are based in the d2 Ligand Field Theory. Satisfactory expla-
nations have been given to the puzzling low energy value
observed for the first electronic transition, 3A2!1E . The un-
expected high intensity and shapes of the broad bands lying
beyond 10000 cm21 ~according to Ligand Field Theory pre-
dictions!, have also been explained without resorting to large
Td!Cs splittings and spin–orbit couplings; they are due to
the superposition of the electronic states included in the third
and fourth sets, both of which include spin and symmetry
allowed 3T1 excited states. The large number of configura-
tion state functions included in the RASSCF wavefunctions,
precludes us from performing multireference CI calculations
oriented to account for dynamic correlation. However, the
overall agreement of the calculated and experimental spectra
has been interpreted as a result of the cancellation of these
effects in the computed energy differences.
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